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 LS2 Status and Phase 2 Upgrade

 Highlights from Physics results
v/ Standard Model
v Higgs Physics
v Searches for New Physics

... 12 CMS talks at the Conference

Standard Model and Higgs

H. Liao, Top quark physics at CMS

A. Laney, Electroweak measurements at CMS
O. Kodolova, Results on QCD physics at CMS

A. Tulupov, B physics results from CMS

G. Mitselmakher, H(125) measurements at CMS

BSM

A. Kaur, Exotic physics signatures at CMS

M. Savina, Dark Matter searches at CMS

G. Kole, Searches for additional Higgs bosons at CMS
E. Lipka, Towards new physics through precision

J. Babbar, Search for New Resonance in Photon and
Jet final State using CMS Data

Heavy lons
S. Petrushanko, Heavy-ion physics at CMS
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Outline
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LS2 Activities

L52 = Long Shutdown 2since 2019 Strip tracker Work on HCAL Barrel (SiPM readout) completed in Oct. 2019

Collisions to return mid 2022 * kept cold to avoid reverse

annealing (but warmed during Muon critical path completed in Dec. 2020
p—_ beam pipe bake-out)

HCAL —
¢ completion of Phase-l 2~
upgrades

Beam-pipe installation and bake-out completed in May 2021

Pixel dotoctor Pixel Detector installation completed in June 2021

| » replace first barrel layer

P ’- " | * replace all DCDC converters Remaining activities:

::: aflonmmpzmmﬂmf 2020 | Ll #od ) ¢ yoke closing (starting mid July)
ﬁynston cryo-coolmg, power, * magnet restart (3.8T) and tests
RIS, ¢t = * comics runs at ~4T (CRAFT, 24/7)

Mﬂ - After Pilot Beam Test in Oct 2021
ﬂ'ﬁ&'lﬁ!?&."lf GE1/1 * Phase-ll muon demonstrators
-32;?5:& i * new forward shielding

sustain HL-LHC trigger rates \"
* shielding against neutron \

backgroun - & -~ =
Civnl engineering at P5 =
n * prepare for Phase-ll 4 f .
| assembly and logistics 3. Rotatina Shieldina |
S5 g Shielding
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CMS Phase 2 Upgrade

Barrel Calorimeters
* crystal granularity readout at 40 MHz

Tracker * precise timing for e/y > 30 GeV
® all silicon (strips and pixels) e ECAL Opefation at |9W t.emperature (10°)
* higher granularity (>2B channels) * upgraded laser monitoring system

* |ess material
* coverage extended to |n| = ——— :
. b7, . AN A MIP Tlmlng Detector (MTD)

7 3 ——— » precision timing on single charged tracks

(30 to 40 ps resolution) " Detectors »”
Endcap Calorimeter (HGCAL) o g=== " e Barrel (BTL): LYSO crystals+S|PMs L e et 'Y, TSNS e
* silicon pixels (EM) and ~ Endcaps (ETL) Low Gain Avalanche Diodes : N NP =
scintillators + SiPMs (HAD) 1 T s 8o 2w s
* 3D shower reconstruction with & -~ i ! " '

precise timing

1 '“m‘ R
q\ \ ™ :
Muon Detectors

* DTs & CSCs: new FE/BE
readout electronics

* RPCs: new electronics

* new GEM/iRPC chambers

L1-Trigger

L1 -Trlgger N\
e track trigger at L1 (40 MHz) .=+

P
* extended muon coverage * latency up to 12.5 ps 3 A
ton| =3 *» ® triggers on displaced muons <= [~
p—— and long-lived particles < b S
' ‘i ~J -/Beam Radiation Instrumentation and
-~ Luminosity (BRIL) |
A DAQ/HLT % =« BCM/PLT refit 2 et g\
’l}' ® HLT output at 7.5 kHz E\;Onewntracker g .
~
X ‘ DAQ/HLT  BRIL
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‘ HiLum
LARGE HADRON COLLIDER

LHC HL-LHC

13- 14 7ev BB 14 TeV

13 TeV
Diodes Consolidation
splice consolidation ryolimit LIU Installation -

77ey BTeV button collimators fntaction Inner triplet | HL-LHC
—_— J regions Civil Eng. P1-P§ radiation limit installation

R2E project
ws |z [

510 7.5 x nominal Lumi,
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes t . . HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCb 2 x nominal Lumi
75% nominal Lumi Uparece

HL-LHC TECHNICAL EQUIPMENT:

integrated [ELLIMAILE
luminosity VIR

DESIGN STUDY PROTOTYPES CONSTRUCTION

We are here

| INSTALLATION & COMM.”” PHYSICS

v' ~160 fb! of proton-proton collisions at 13 TeV delivered
during Run 2

v Also collected and analyzed Heavy lon pPb and PbPb collisions
(see dedicated report by S. Petrushanko)
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energy

CMS Integrated Luminosity, pp, vs = 7, 8, 13 TeV

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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CMS Dataset Run-2

» 2016-2018: 137 b1 of pp data “good for physics”

* data-taking efficiency > 92% (2018: 94%)

» number of pp interactions per beam crossing (PU): <p> = 34

CMS Average Pileup (pp, vs=13 TeV)
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CMS “full Run 2” Performance

Comparison of Z mass resolution

Before and after final calibration
Included in Legacy Run 2 rereco
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L1+HLT efficiency

Performance of the CMS muon trigger system
in proton-proton collisions 13 TeV

CMS
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Summary of Standard Model Tests

High rate at the LHC W and Z production
v Provides statistic to study inclusive and differential distributions & [ o T T T W
. . . — — ° , 18 pb”' (8 Te o
v" Good understanding of the detectors allow for precision ORI o W
measurements ©  E o o -
B A uaz N
v Test p-QCD and PDF in different regimes, deviations may indicate I Y Z
presence of new physics, EFT interpretations (see talk by E. Lipka) 10° PP —
— A -
v" Developments and testing of new MC generators and techniques - PP 3
September 2020 imi = -
E . ePemer - — CMS Prellmlnarv | CMS'PAS'SMP'15‘004_
o} 5'5 L B @ 7 TeV CMS measurement (L <5.0 fo™) 10 = 3
—{0°FF: | T 8 TeV CMS measurement (L < 19.6 fb™) — Theory: NNLO, FEWZ and NNPDF 3.0 PDFs 3
o E | .?-'F : Eﬁg:x;gldsiczr‘l::surememus137fb") - . ] \ N
-104'?'?(5.)2 Z £ Z CMS 95%CL limits at 7, 8 and 13 TeV 0.5 1 2 5 7 10 20
g Fopniee Center-of-mass energy [TeV]
= Lo T S A IS RS .
SI0°F & e mpawk | Jnb Zinvisible width CMS-PAS-SMP-18-014
%) Fi B | }EWK‘QV,i el i |1 isssBoson : CMS Preliminary 36.3fb"#13TeV)
! ! : . ' ' an ; : : n,e- : : : : ' _l L . LI ) T T 7T Tlll_
o10E st S et B¥ . |0 : 3 ;
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10 e T e e e e e e T e e the first measurement of the Z invisible width

qqW gqZ WW qoWyssWW qqZy gqWZ gqZZ sch
- EW.Zyy Wy - fiducial with Wk, Z—Il, I=e s Th. Ao, in exp. A
All results at: http://cemn.ch/go/pNj7 icucial v e 0, In exp. Aa

at a hadron collider and is the single most

see talk by A. Lanyov for details 20.08.2021 precise direct measurement in the world
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Gauge Boson Differential x-sections

Measurements of different production processes continue and more and more differential ones
= differential cross sections of the transverse momentum p, the angular variable ¢*, and rapidity of
lepton pairs - tests in (x,Q?) space

Z production JHEP 12 (2019) 061; PAS-SMP-20-003
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EWK Self-Couplings: Multi-bosons

':Gauge boson pair production (Wy, Zy, WW, WZ, ZZ) Triple gauge boson production (WWW, WW?Z,

v aTGC tests WZZ, Wyy, Zyy) “ '
v’ studies of VBF n VBS (Wyjj, Zvjj, WWjj, WZjj) v aQGC tests ey
. . . . v :
mechanisms in the context of the Higgs production and v high-order corrections, pQCD tests, .
. i :
aQGC New Physics
v’ high-order corrections, pQCD tests, New Physics I Vi
W W Z V = Z,’Y 4 !
hananan | v Va
(a)TGC (a)TGC aTGC (not in SM) o
Z/v 144 Z/~ PR 7 Vi
w Z Z PRL 125, 151802 (2020)
arXiv:2107.01137, sub. PRL EPJC 81 (2021) 200 CMS 137 o (13 TeV)
CcMS | | . Expected 95% CL Observed 95% CL ! 1 e BDT
g pp NNLO QCD x NLO EWK (MATRIX) alGC pazr ameter x10~7 <10 © . : ‘ ¢+ Sequential-cut E%tgsl f(tf;:
E == pp NNLO QCD x NLO EWK (MATRIX) i :ggg; _gg?g Combined | —’-\2- 1.02 9% o0
2107 T taaTa ¥ 99:95 78:71 A
S i 92:98 -6.8;75 ! ! 045 +
é EFT pal?ameter Tev—* Tev—* WWW [ R 115 828 gg%
&l Cpw /A 3.1;33 23;25 "z I _“l_ N
. Cww /A -17;16 14512 | 0.86 537
WW measurements o ATLAS C‘flj\/\://\4 -1.8;1.9 -1.4;13 ! ‘ o aE
| A7 o Lo | 16316 12:12 wzz | | — 220 1315
g];j' LR o | ¢ | arXiv:2106.11082, sub. PRD 777 ' | Alowed <54 |
Py o] S i 1 1 : 1 H - I !
e 2 . . .| Zy+2jets,6=5.21£0.75fb I
e ———————— arXiv:2105.12780, sub. JHEP L
il f T 1 o(Wyy) = 13877 (stat) "] (syst) £ 0.08 (PDF+scale) fb Significance : s
ST 5(Zyy) = 5411058 (stat) "% (syst) = 0.06 (PDF+scale) ft v'combined -5.7 (5.9) o
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/ATGC.html v WWW -3.3(3.1)c

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/AQGC.html v WWZ-3.4(4.1) 0 10
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QCD: jet physics

Compared to Powheg + Pythia8, Herwig++
Agreement with NLO is in general better than LO

. CMS Prelﬁmin{:!ry . . 36.3 fb! (13 TeV)

v’ tests of theory
- pQCD
- non-perturbative regime
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Dijet Azimuthal Correlation (N, > 2,3,4)
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The leading order (LO) PYTHIA 8 dijet event generator exhibits small deviations from the measurements but

shows significant deviations at low-pT

The HERWIG++ event generator exhibits the largest deviations of any of the generators

The tree-level multijet event generator MADGRAPH in combination with PYTHIA 8 for showering, hadronization,

and multiparton interactions provides a good overall description of the measurements 12



Mass of “top”: Legacy of Run 1/2

see talk by H. Liao for details
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Beyond leading order in perturbation
theory the strong coupling constant and
the quark masses are subject to
renormalization

Running of the Top Quark Mass/Vtb

Non-direct Vtb measurements
v’ from B-hadron and t-quark decays (CKM unitarity,
generation number=3)

R = B(t — Wb)/B(t — Wq) = = [Vip|?

Vo2 /(X [Vigl?)

dm( 1)
p Amit) ol
Wgz = ~rlas(p)) m(p) v |V, | >0.78 (CDF), 0.99 >|V,b| > 0.9 (DO)
PLB 803 (2020) 135263
CMS 5917 (13 TeV) . . . .
~ T Direct Vtb measurements from single t-quark production in
z Ve ABMP16_5_nlo PDF set ~\ 2
= T 2 aTEca t-, Wt, s-kaHanax (6 ~ V,,°)
3 105 K = mi{mt) = 163 GeV q ¢ g W q b
2 | b
L b { b { q t
% i = ml(m ) )
n & NLU exwracuon rrom arfferential o, CMS promivery ____  MavZo
09— o Reference scale =p
C [ NLO extraction from inclusive O :ﬁgaf 292'41(;)(;)’1 (;(Ejlzsth;;)p/ *
085:_ One-loop RGE' nf:5' ai{mz}: 01191 Br (t 9 Wb) = t channel 2.2 ", PLE 772 (2017) 752
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The running of m, is found to be in agreement e o' s o gl
with the RGE prediction within 1.1 ¢ W e e
. . . | :ﬂt?(::mn . 0.94 + 0.07(exp) = 0.0dtlhen) b
The no-running hypothesis is excluded at FrvV o= \ o With|V | | | . | |
. t— r’.‘ﬁﬂﬂ, : : : : ! : : : : ! * * * * : * * * :
above 95% confidence level ; F R VN
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'Rare Decays: Bi/B? —pup
Ns f.

In the SM: B(B?—*p{_ﬂ_}— = _IF[D[ :B{B }
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CMS-L:SID"{E:7TEV,L:20|D"E:BTeV ::: I = o, i_—.r————;;“— ::: Measurements @ 13 TeV:
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No significant excess from SM predictions are observed! see talk by T ook /) 8(809pp)<16x10 10 (90% CL) 3
. E) o.zf—,fi_,",?" / -
https://cms-results.web.cern.ch/cms-results/public- A-JU“JBF’O;\’ fo_" = HY
. . other sics L
results/preliminary-results/BPH/index.html b A

results from CMS 0
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/BPH/index.html

Higgs Mass Measurements

NS e SR 1 TE) oM B(13TeV) Run-2 2016, 35.9 fb-
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- d - mb S/S+B) weighted |
_ IE I R e | cms
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) 2016 Hos ZZ— 4| ==t 125.26 +0.21 ( + 0.19) GeV
H—ZZ - 4¢ |
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from talk by G. Hamel de Monchenault (HEP2021)
see talk by G. Mitselmakher for details
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Higgs Properties (selected)
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Evidence for H - uu

First evidence of the coupling of the Higgs boson with fermions of the second generation
JHEP 01 (2021) 148

) H - uu candidate in gluon fusion channel, m, = 125.46 + 1.13 GeV
137 b (13 TeV)

800; CMS 4 Data E 1 CMS Experiment at the LifSFCER > > ta rgetS
700F  All categories — S4B (u=1.19) - e ; ; \
t  S/(S+B) weighted ... Bkg. component ] % y T A ggH: VBF, VH, ttH
600K m,, - 125.38 Gev o ] \ | ‘—'—’
o Er2e best sensitivity

3005—
: Drell-Yan background
considerably reduced

100F

e —————————————— by VBF topology
o 5 .
3 ? ! requirement (two
O
S_5\\\\‘II\\‘\III|\Il\llll\‘\\ll‘\\\\‘l\\\ forWardJetS)
110 115 120 125 130 135 140 145 150
m,, (GeV)
ML 4
CMS 137 fb' (13 Tev) 137 b (13 TeV) . R b .:.”?'9 1.37fb.‘.(.1‘,3T‘?v)
e L aa A R R R R AR AR RARAS AR RRRE z Iy ~ 104 E|> 1,CMS t _%
= E 3 A = > E 7z "
© 1 w P c ~ £ W<, -
> 2 = i e
E‘ Obs. (exp.) = o -.6 _ Fomy = 125.38 GeV Leptons and neutrinos Quarks
g10 1 . . . ' E"‘|>10 1_ p-value = 44% D n
g significance is A .~ UAfon
3.00 (2.50). e ()
10° : . _ ) o ¥ Vector bosons
10 3—"" 3 3¢ generation fermions
. ¢ Muons
2 . Y Y ] S CEEE SM Higgs boson
E — Combined — VBF-cat. E Eol Y I B SR |
Doomsered g wea | o= 1.19%025 (stat)*13 (syst) B 15 i w 7
— VH-cat. g ’ " . 2 : 1’ 'ﬂ ¢
‘ L= SEEEEEELEEELEE R EREEELEEELEEEEEEEE  SEEEE
o SRS EEEEE FUETS FER FERE N SRR SR R e 15 4 -05 0 05 1 15 2 25 % ;
120 121 122 123 124 125 126 127 128 129 130 " T 05 ‘.|1 ol Co el L ‘Hmlz L
my, (GeV) riment ggH.fiH 10° 1 10 10

Particle mass (GeV)



Higgs Differential Cross Sections

Differential cross sections as a function of the transverse momentum and rapidity of the Higgs boson,
the number of associated jets, and the transverse momentum of the leading associated

jet are measured.
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Search for pair-production of Higgs

e Shape of Higgs potential depends on Higgs self-coupling (SM: A, = A ...
and via higher order electroweak corrections of single Higgs productions

e Inclusive production via vector boson fusion provides direct access to HHVV coupling (C,,,)

) — can be accessed directly from Higgs pair

8 GO0 y—>— ——————- H TG00 3 . A
/b ) \O .. 4iic CMS Preliminary 13807 (13TeV) CMS 137 fo (13 TeV)
e = = = o) 95% CL fimit
R T TR S—— H £ = [ 85% CL upper limits All categories | = ey om:,dm ’ HH — ‘n’bb_
DT o B HH —bbbb | 8 1¢?
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B [ W 68% expected w o=tu =11 = I, 65% CL expe
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i @
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© 10
q 1000 L e —
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A

Constraints on coupling modifiers (wrt SM predictions) x, & k., from HH — 4b final state at 95% CL
-23<k, <94 and -0.1<k, <22

Observed limit on cross section @ 95%CL: 3.6 x SM

from talk by K. Mazumdar (QCD 2021)
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The analysis is restricted to the
mass ranges m, from 25 to 100
GeV and m, from 1 to 3 TeV.

see review talk by G. Kole
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Searches for Extra Higgs/Exotic Higgs Decays

H - Invisible Single and double charged
A broad program in BSM Higgs Higgs boson
searches:additional Higgses, H* - WZ, H™ - WW

invisible decays, lepton-flavour-
violating decay and 2HDM+scalar

models with h->aa, Charged
nggses EP) C 81 (2021) 13

137 o™ (13 TeV)

6 Data
. Bkg. unc.
- Drell-Yan

0 Jet Category - wz

- _;VX» Z(Il)h (inv)
] — ADD n=4 M =2TeV

Events / GeV
—h
o
w

WV
I Nonresonant

15 =
.

: é'"'**"*"++"} ------------ = —

200 400 600

p?‘“[Ge\%m
Observed upper limit from Z (8)
H, H=>invisible: BR(H->invisible)
<29% @95% CL

20.08.2021

137 o' (13 TeV)
T I T T T T

— Observed
. 68% expected
+ 95% expected

O'GM s, = 1

2000

3000
my- [GeV]

No significant excess beyond
standard model predictions is
found. Charged Higgs boson

mass explored: 200 — 3000 GeV
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Search for Long-Lived Particles produced in pairs
v with a mean decay length between 0.1 and100 mm (i.e. within the beam pipe)
v’ each decaying into two or more quarks
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displaced Kinked tracks \ CMS Preliminary May 2021
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Dileptons, full RUN2 data

140 fo™ (13 TeV)
. LS

it tW, WW, WZ, ZZ, &t

] Total Background (NR)
— Gy, ki, = 0.05, M = 35 TeV
--o Llaey M=5TeV

b “‘V-Lb‘_"""l e T B I R ‘E

CMS

....... Z'sgyy (Width 2.97%)

%

'y {width 0.53%)

([oB] Z'/ [6:B] Z) x 1928 [pb]

Z’ boson

*‘"+. I ....... -
000 '
() [GeV]
137 fb (13 TeV ee) + 140 fb (13 TeV uu)
CMS —_— Obs 95% CLllmlt
Exp. 95% CL limit, median
—3%
10%

75000
m [GeV]

Highlights from the CMS Experiment

New Phy5|cs (2'/Z,,/Gy) contributions to SM processes
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Example of Dark Matter Searches
SMDM f g%%

Effective approaches to DM g

v" Simplified DM model (SMDM) with jne DM spin %
particle x, one mediator

v’ Flavour-violating vector mediator, color charged scalar
mediator IHDM+2’

v' Extend higgs sector (higgs portal) and/or gauge sector

(2HDM+a/S/Z’)

Double portals (scalar and vector mediators)

etc

5
o

; see review talk of M. Savina

Myeq-Mpy Plane for di-jet and di-lepton searches  Exclusion limits for the pseudo-scalar model as a function

(SMDM) of M, .4 for different MET based DM searches from CMS
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Summary of Exotica Searches

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV  see review talk by A. Kaur
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scalar LO [pair prod.), coupling to 2 gen. fermions, 8= 0.5 u =120 180805082 (2p+ 2j; p + 2§ + EPF) 36 fb-L
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#Axigluen, Coloron, cotd =1 M OO o6 1912 12236 1604.08907 (2j) 137 bt
ol 10 10.0
Selection of observed exclusion limits at 35% C.L. (theory uncertainties are not included). mass scale [TeV] LHCP 2020
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV

Example of Supersymmetry Searches

CMS has a rich SUSY search program setting strong limits on many models
* analyses optimised to tackle difficult corners of the phase space (stop corridor, compressed scenarios)

Full Run-2, 137 fb-1

NLO +NLL, pp, Vs =13 TeV Combined Searched for Stops
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-.% 10° F x Xg (wino-like) ' CMS Preliminary 137 fb' (13 TeV) B
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from talk by G. Hamel de Monchenault (HEP2021)
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Summary

Despite the pandemic, the CMS Physics Analysis, LS2 and Phase 2 Upgrade activities are
progressing well

v" Many new analyses made public for Summer Conferences,
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-
results/CMS/index.html

Physics Briefings at: https://cms.cern/tags/physics-briefing

AN

AN

Run 3 preparation ongoing
— LS2 work mostly complete
— Detector almost ready to be closed to cool down and commission the magnet by October

- Currently taking cosmic data for alignment ]
CRUZET Cosmic RUn at ZEro Tesla

for detector alignment
v' Excellent progress in all projects July/August 2021
v" All Technical Design Reports prepared

v" More physics projections for HL-LHC starting to appear

Phase-Il Upgrades

4

we are looking forward to
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